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RESEARCH MEMORANDUM

ALTITUDE-WIND-TUNNEL INVESTIGATION OF SEVERAL AFTERBURNER
CONFIGURATIONS HAVING MODERATEI.Y HIGH
BURNER-INLET VELOCITIES

By F. W. Schulze, H. E. Bloomer,
and R. R. Miller

SUMMARY

An altitude investigation of several afterburner configurations
having moderately high burner-inlet veloclities was conducted in the
HACA Lewis altitude wind tunnel. The combustion efficiency and thrust
characteristics of several afterburner configurations were determined.
The results showed that the presence of whirl angles as great as 30° at
the afterburner inlet was detrimental to efficlent combustion. Redue-
tion of whirl to less than 10° resulted in increases in combustion ef-
ficiency of asbout 5 percent. These increases in combustion efficiency
did not produce reductions in fuel consumption because the pressure
losges introduced by the whirl straightening vanes compensated for the
gains in combustion efficiency.

IRTRODUCTION

An Investigation of the altltude performance and operational charac-
teristics of a 36-1inch-diameter afterburner on a turbolet englne was
conducted 1n the NACA Lewis sltitude wind tunnel. The primery purpose
of this investigastion was to study the effects of the afterburner in-
ternal geometry on screeching combustion. A secondary purpose was to
determine the over-all performance of several of these afterburner
configurations.

The screech investigatlion, reported in reference 1, included a
large number of afterburner configurations. Seversl of these configura-
tions are presented herein to show the effects of afterburner-inlet gas
whirl pattern, flame-holder design, and fuel distribution on performance
es determined by combustlon efficiency, augmented thrust ratioc, and
specific fuel consumptlon. '
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Data were obtalned over & range of afterburner fuel-sir ratios at
an average turbine-outlet tempersture of 1690° R and turbine-outlet
total pressures ranging from 4210 to 760 pounds per square foot absolute.
These pressures corresponded to a range of flight Mach numbers from
0.1l4 to 1.00 at altitudes between 10,000 and 45,000 feet.

APPARATUS
Turbojet Engine

The sxial-flow turbojet englne used in the investigation had a sea-
level alr flow of about 167 pounds per second at the rated engine speed
of 6100 rpm. MsJjor engine components included a 1l6-stage axial-flow
compressor, a can-annular-type combustor, and & three-stage turbine.

The rated turbine-outlet tempersture for afterburning conditions, as
indicated by the manufacturer's control thermocouples, was 1670° R.
This temperature corresponded to an sversge temperature of 1630° R as
determined by a more comprehensive survey with NACA rskes.

Afterburner Components

A sketch of afterburner configurations 1 and 2, which were pat-
terned from an afterburner used in reference 2, is shown in figure 1.

The flame holder, having two annular V-gutters lg and l% inches in width,
blocked 32 percent of the flow area at the flame-holder location 25%5

inches downstream of the turbine outlet. The fuel bars could be posi-
tioned elther llg or lT% inches downstream of the turbine outlet to pro-
duce either configurations 1 or 2, respectively. The diffuser inner
body, 32 inches in length, terminated 1n a hemispherical dome. Over-all
length of the diffuser, afterburner shell, and iris-type nozzle was

101% Inches. The maximum exhaust-nozzle ares was 4.13 square feet.

Al though not shown, an external air-cooling passage surrounded the aft

end of the afterburner and nozzle. The diffuser outer wsll and after-

burner shell shown in filgure 1 were common to all configurations except
for changes in the exhaust-nozzle-cutlet ares and & 6-inch extenslon of
the afterburner length made in the middle of the program.

The alterations to the diffuser, the flame holders, and the fuel
systems investigated are described in the following paragraphs. Descrip-
tions of the confiligurations using these components and the signiflcance
of the modifications are given in the RESULTS AND DISCUSSION section,

whille a listing of the components combined to form a single configuration

is glven 1n table I for each of the eight configurations.

3391



T6ES

CA~1 back

NACA RM E54G22 i 3

Alterations to the diffuser are shown in Pigure 2. Detalls of the
pilot-type step added to the originsl inner body to produce a flame seat
are shown in figure Z(a). Another modification extended the Inner body
to form a smooth cone, as shown in figure 2(b). A sketch giving details
of the twin-deflector cascade installed in the diffuser passage with the
original inner body is shown in figure 2(c), and a photograph of the
deflectors Installed is shown in figure 2(d). In order to reduce the
whirl of the gases leaving the turbine, 48 equally spaced full-passage-
width antiwhir]l vanes were installed at the inlet to the diffuser. De-
tails of the vanes are given in figure 2(e), and a photograph of the
installed vanes is shown in figure 2(f). These vanes, designed with
constant camber and varying chord to obtaln proper turning angles at all
radiil, were incorporated into the original inner-body configuration as
well as the long extended inner cone.

The four flame holders used 1n the various configurations are shown
in figure 3. Flame holder A was the original flame holder, and flame
holders B and C were modifications of the original. These modifications

resulted In a gutter width of 2% inches for flsme holder B and a gutter
wildth of 2% inches for flame holder C. The axial stagger in flame holder

C was 3% inches as compared with l% inches for flame holder A, and the

trailing edges of the gutters were made nonplanar. Flame holder D com-
prised four apnular V-type gutters having widths of l% inches. As shownm

in figure 3(e), four flame-holder positions were used ranging from 25%%

to 42% inches downstream of the diffuser inlet.

The details of the fuel-spray bars used in the investigation are
presented in figure 4. Twenty fuel bars equally spaced around the cir-
cumference were used in all instances. The fuel-spray bars designated
A (the originsl), D, E, and F were radial bars each with 10 to 14 ori-
fices providing e spray normsl to the flow of gas (side spray)

(fig. 4(a)). Fuel bars A and F were identical except for the number of
orifices, while bars D and E were ldentical except for the orifice sizes.
Inasmuch as the bars could be located in any one of four positions, the
fuel pattern at the flame holder obtained with a given bar was affected by
its location. As an aid in visualizing the fuel pattern, the locatlon
of the orifices 1s presented as a percentage of passage height. The
size of the orifices varied from 0.0225 to 0.0310 inch in dismeter.

Fuel bars B and C were denoted as slant bars because the fuel near the
inner body was injected farther downstresm than the fuel near the outer
wall (fig. 4(b)). The slant bars provided side sprays from either 14 or
16 orifices. In one of the configurations, two sets of bars were in-
stalled and fuel to each set could be individually controlled and
measured.
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Instrumentation

A cross section of the engine and the afterburner showing station
locatlons and & tabulation of instrumentation at each station are given
in figure 5. Pressure measurements at s 26-inch-dlameter venturi in
the inlet duct and the temperatures from the rakes at the compressor
inlet were used to determine engine air fiow. Turbine-outlet or
diffuser-inlet conditions were obtained from three rekes located 3
inches downstream of the diffuser inlet. The angle of gas whirl across
the passage was measured by a null-type total-pressure yaw probe at a

location 5% inches downstréam of the diffuser inlet.

Diffuser-outlet conditions were determined at a station 20 inches
downstream of the diffuser inlet by means of two rakes. A 12-tube
total-pressure rake and two wall static taps were also used_at the 20-
inch statlon and for certain configurations at a station 32% inches from

the diffuser inlet to determine the veloclty pattern. The exhaust-nozzle
condlitions were surveyed 15 inches upstream of the nozzle exit by a ver-
tical water-cooled rake.

The tunnel balance system was used %o measure the thrust of the
engine and efterburner combination. Imnstrumentation used to detect and
measure screech characteristice is described in reference 1. The sym-
bols and methods of calculation used in thisg report are presented
in appendixes A and B, respectively.

Installation

The engine with the afterburner wes mounted on a wing section that
spanned the 20-foot-diameter test section of the altitude wind tunnel
a8 shown in figure 6. Dry air was supplied to the engine from the
tunnel make-up ailr system through a duct comnected directly to the
engine inlet. Engine thrust and Installation drag messurements by the
tunnel balance system were made possible by use of & slip jolnt in the
inlet-air duct upstream of the engine.

PROCEDURE
The performsnce characteristics of the afterburner configurations

were obteined over a range of afterburner fuel-air ratios at the follow-
ing simulated f£light conditions and diffuser-Inlet total pressures:
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Altitude, | Flight Mach | Average engine-inlet| Average diffuser-inlet
£t muber temperature, °R total pressure,
1b/sq £t abs
10,000 0.49 . 516 4210
35,000 1.00 . 474 2370
35,000 14 458 1250
45,000 A5 454 760

The flight Mach number is based on complete ram-pressure recovery
at the compressor inlet. Engine-inlet temperatures corresponding to
NACA standard altitude conditions could not be maintained at all simula-
ted f£light conditions. The engine was operated at rated speed and at
an indicated turbine-outlet control temperature of 1670° R. Afterburner
ignition was accomplished by use of the "hot-stresk" method whereby an
additional guantity of fuel was injJected locally for a short time at the
turbine inlet. Afterburner performence deta were obtaeined over a range
of fuel-air retios between elther lean blow-out or smallest exhaust-
nozzle area end either rich blow-out or maximm nozzle area giving
limiting turbine-outlet temperature. The exhsust-nozzle area was
manually controlled.

Atmospheric air, throttled to give approximately 3 percent of engine
air flow, was used to cool the afferburner shell and iris-nozzle seg-
ments. When two sets of fuel bars were used in a configuration, the
flow to each set was meagured by displacement-type flow meters, while
the total flow was measured by calibrated rotameters. Fuel for both the
engine and afterburner conformed to MIL-F5624A grede JP-4 specifications.

RESULFS AND DISCUSSION
Afterburner-Inlet Flow Conditlons

The velociby distributions and the whirl patterns in the after-
burner diffusexr were measured at several stations. The veloclity petterns,
determined by use of the full-passage rakes at stations 3, 20, and

52%- inches downstream of the diffuser inlet, are presented in figures

7(2) and (b). The two downstream stations correspond to diffuser area
ratios of 1.70 and 1.95 (ratio of complete diffusion is 2.07). The
veloclty profile at the 3-inch station is an average of 3 rskes, whereas
only a single rake was used in determining the other pastterns. As shown
in figure 7(a) for an altitude of 35,000 feet and a flight Mach number
of 1.00, the average diffuser-inlet velocity was sbout 900 feet per

second. At the 32%--inch station (near the diffuser outlet) , the velocity
varied from 130 feet per second at 2 percent passage height to 580 feet
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per second at 90 percent passage helght. As shown in figure 7(b) for
an altitude of 45,000 feet and a flight Mach number of 0.15, the average
diffluser-inlet veloclity was sbout 1000 feet per second. At the Szg-inch

station, the veloclty varied from 310 feet per second at 2 percent pas-
sage height to 610 feet per second at 80 percent passage height.
Although not shown, the velocity profiles at the other flight conditions
were similar in magnitude and shape to those presented in figure 7(&).

At the initiel flame-holder position (25% in. downstreasm of the diffuser

inlet), the average veloclty is then sbout 480 feet per second, which is
considerably higher than the average for most production afterburners

(ebout 400 ft/sec).

Results of surveys of whirl angle msde 5L inches downstream of the

diffuser inlet are presented in figure 7£c). The flow leaving the tur-
bine had e positive or counterclockwise (looking upatream) whirl of

20° to 300 from the axial direction over the inner 70 percent of the
passage. Beyond this area, the whirl decreased to a value of about -20°
at the outer wall. This large whirl contributed to flow separation,
which resulted in low veloclties near the immer body, as shown in fig-
ures 7(a)} and (b). There was no.effect of diffuser-inlet pressure on
the whirl profile. The diffuser-inlet (afterburner-outlet) tempersture
during these runs was slightly lower than rated temperature conditions.
As shown in figure 7(c), however, the effect of tempersture over the
range from 1399° to 1634° R is negligible. The single profile presented
was belleved to apply also at rated conditions.

Performance of Confilgurations with Initial Whirl Pattern

Description. - The afterburner configurations having the initial
flame holder, diffuser, and fuel-gpray bars (configurations 1 and 2)
differ only in the position of fuel-spray bar A, as can be seen in
figure 1. Schematic sketches of configurstions 3, 4, 5, which incor-
poreted internal changes to the initial conflgurations and were tested
with the existing severe whirl pattern, are given in flgure 8. Only
the locatlons of the fuel bars and the flame holder with respect to the
diffuser-exit flange sre given inesmuch as other details of the com-
ponents have been shown in figures 2 to 4. Configuration 3 incorporated
the following: (1) a pilot-type step on the immer cone for providing
a flame geat, (2) slanting fuel bars B to reduce the fuel mixing length
near the inner body and to produce & piloting action in the center region

of the burner, end (3) flame holder A moved 6% inches downstream of the
originael position.

Because a uniform velocity profile is shown to be desirable in
reference 3, annuler deflectors to redistribute the mass flow were used
in configuration 4 along with flame holder A and slant fuel-spray bars
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C altered to inject more fuel near the inner body. The effect of the
deflectors on the velocity profile 20 inches downstresm of the diffuser
inlet is shown for two altitude conditions in figure 9. Gas had been
forced redlally inward, thereby substantislly raising the velocities
near the inner cone. The wake from the outer deflector produced & low
local velocity at about 60 percent passage helght.

Configuration 5 consisted of the modified flame holder B located

l7f% inches downstream of the original position, an extended immer cone,

and the originel radisl fuel-spray bars. It was felt that moving the
flame holder downstream placed it in a region of lower average velocity

(about 430 ft/éec) as well as provided a long fuel mixing length of 27%

inches. Configuretion 5 also included an enlarged exhsust nozzle (max-
imum nozzle area, 4.83 sq £t) and a 6-inch extension of the burner shell.

Performence. - The performance of configurations 1 and 2 is presented
for all gltitude conditions in figures 10 to 13, while the performance
of configurations 3, 4, and 5 at an altitude of 35,000 feet and a f£light
Mach number of 1.00 is presented in figures 14 and 15.

The diffuser total-pressure losses for configurations 1 and 2 (fig.
10) were between 0.017 and 0.030 of the diffuser-inlet total pressure,
with the highest loss occurring at an altitude of 45,000 feet. The
over-all total-pressure loss varied from 0.067 to 0.096 at all alti-
tudes except at 45,000 feet, where a loss as hlgh as 0.117 occurred.
These higher losses at 45,000 feet were caused by the higher diffuser-
inlet velocities.

The combustion efficiencies of configurastions 1 and 2 are shown in
figure 11. As the afterburner pressure level decreased, the cambustion
efficiency decreased. A maximum combustion efficiency of 0.87 was
reached with both configuretions 1 and 2 at & fuel-air ratio of gbout
0.035 at an altitude of 10,000 feet, where the diffuser-inlet totel
pressure was 4210 pounds per square foot absolute. Configuration 1
gave 0.02 to 0.03 higher combustion efficiency at all other diffuser-
inlet totsl pressures down to 1250 pounds per square foot absolute.

At 760 pounds per square foot ebsolute, however, combustion could not
be obtained with configuration 1. Burning in configurstion 2 was pos-
sible at this pressure level. The superior altitude 1limit was most
likely caused by the stratification of fuel in this combustor. At a
fuel-air ratio of 0.028, efficiency of configuration 2 at the diffuser-
inlet pressure level of 760 pounds per square foot sbsolute was ebout
0.7. The maximum exhsust-nozzle area limited the maximum fuel-air ratio
et all eltitudes except at 10,000 feet, where fuel flow was temporarilly
limited by the facility fuel system. The nozzle area limit was partic-
ularily apparent at the 45,000-foot altitude, where performance was
obtaingble only at fuel-air ratios below 0.032.
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Augmented net-thrust ratio, based on the thrust of the engine with-
out an afterburner, reached a maximm value of 1.71 at an altitude of -
35,000 feet and a flight Mach number of 1.00 (fig. 12(b)). At the 1.71
asugmented net-thrust ratio, specific fuel consumption was 2.03 pounds
of fuel per hour per pound of thrust (fig. 13(%??.

The performance of configuretions 3, 4, and 5, although obtained at
geveral altitudes, can only be compared at an altitude of 35,000 feet and a
flight Mach number of 1.00. These configurations differ from each other
by more than one variable, and hence the comparisons illustrate only
the relative over-all performance of configurations of different design.
Total-pressure losses and combustlon efficilencies at this altitude are
shown in figures 14(a) and (b), respectively. Pressure-loss character-
istics were similar to those of configurstion 1, indicating no adverse
effect of deflectors or increased flame-holder blockage. Only config-
uration 3 attained a combustion efficiency slightly higher than the
original, and this occurred above & fuel-alr rstio of 0.037. However,
this configuration with a pllot-type step on the inner bhody would operatbe
only at burner pressures sbove about 820 pounds per sqguare foot absolute.
Operation at a pressure level of 760 pounds per square foot absolute with
the configuration having the deflectors (configuration 4) required that .
Ignition be accomplished at s higher pressure. Combustion screech was
encountered at an altitude of 10,000 feet with the configuration having
the long fuel-mixing length {configuration 5). A comparison of the
aungmented thrust ratio and the specific fuel consumption of configura-
tions 3, 4, and 5 with configuration 1 in figures 14(c) and (d), respec-
tively, Indicates the general superiority of configuration 1.

3391

Reduction of Whirl

In an initilal attempt to reduce whirl, 33 short (2%—inch span)

vanes were attached to the inner cone at the diffuser inlet. However,
these proved ineffective, and consequently a set of 48 full-passage
vanes were installed (see figs. 2(e) and (f£)). The afterburner-inlet
flow conditions wilth the vanes installied are presented in figure 15.
For operation at an altitude of 35,000 feet and a flight Mech number of

1.00, the velocity profile 32% inches downstream of.the diffuser inlet

(fig. 15(b)) varied £rom 300 feet per second at 2 percent of the pas-
sage height to & pesk of 590 feet per second at 52 percent of the pas-
sage helght. Comparison of this profile with the profile obtained
without venes (dashed line) showed that the peak velocity was about the
same and that & redistribution of flow occurred at the expense of ralsing
the average veloclty about 40 feet per second.

As shown by the whirl pattern presented in figure 15(c), a substan-

tial improvement over the original pattern occurred when the vanes were
installed. The whirl angle was less than 10C over the entire passage.

J
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Performance of Configurations Tested with Reduced Whirl

Description. - Sketches of configurations 6, 7, and 8, which incora
porated the antiwhirl vanes and the larger exhaust nozzle, are shown
in figure 16. Configuration 6 included the long extended inner cone,
flame holder C located in a downstream position, and radial fuel bar D

giving 15% inches of fuel mixing length.

Configuration 7 wes almost identical with configuration 6 except
for the addition of fuel-sgpray bar A in position 2, substitution of
fuel sprey bar E for D, and the use of flame holder D in the downstream
position. The four anuular V-type gutters of flame-holder D were intended
to provide a better distribution of flame stabilization seats. Fuel
was injected simultaneously through both sets of spray bars with about
83 percent of total fuel flow injected through the upstream bars.

Configuration 8 combined the original immexr body, the flame holder
used in configuraetion 5 at the initial fleme-holder position, and fuel
bar F at the number I position. Blockage of f£flame holdexr B in this
position was 39 percent of the annular flow area. Fuel bar F is the
original fuel bar (A) with 2 orifices added near the diffuser outer wall.

Performance. - Performance of configurastions 6, 7, and 8 is present-
ed in figures 17, 18, and 19. Combustion efficiency at the three sltitude
conditions is shown in figure 17. A meximum combustion efficiency of
0.92 was obtained with the 4-V-gubtter flame holder (configuration 7) st
a fuel-gair ratio of 0.039 and a diffuser-inlet total pressure of 4210
pounds per square foot absolute. The efficiency of this configurstion
decreased to 0.80 at a pressure level of 2370 pounds per square foot
absolute at a fuel-air ratio of 0.038. The 4-V-gutter flame holder,
however, would not support combustion at a diffuser-inlet pressure of
760 pounds per square foot absolute, indicating, as in reference 4,
that small gubter widths tend to reduce combustion stabillity limits at
low burner-inilet pressures. The 2-V-gutter flame holder with Zé—inch

gutter widths was operable at this high altitude, where a combustion
efficiency of 0.80 was achieved at a fuel-alir ratio of 0.03. However,
this value cannot compare with other datas because the burner-inlet tem-
perature was inadvertently set at 1800° R. This temperature, which is
110° R higher than average , would be expected to have a marked beneficial
effect on cambustion. Cowmbustion screech was encountered with this
2-V-gutter flame holder below fuel-air ratigs of 0.025 at a pressure of
4210 pounds per square foot ebsolute. At this same burner pressure
level, configuration 8 produced screech-free operation and had a maximum
combustion efficiency of 0.92 at & fuel-sir ratio of 0.30. AL a pres-
sure level of 760 pounds per square foot absolute, & cambustion
efficiency of 0.77 was obtained at & fuel-slr ratio of 0.037. The in-
creagge in combustion efficiency of about 0.05 is attributed to the re-
duction of whirl and the resultant change in diffuser flow conditlons.

R
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Ag shown in figure lB(a), the diffuser total-pressure losses varied
from about 0.080 at an altitude of 10,000 feet to about 0.0%94 at an al-
titude of 45,000 feet. Thus the increase in diffuser loss was about
0.06 as & result of the installation of the antiwhirl vanes. The large
Pressure drop across the vanes is probably caused by the high angles of
attack and turning necessary in a single stage of flow-straightening
vanes and by compromises made in the design to facllitate quick fabri-
cation. The over-ell burner total-pressure losses, greatest for con-
figuretion 8 because of the upstream locetion of the flame holder where
the average veloclity was about 530 feet per second, reached a value of
0.161 at an exhsust-gas temperature of 3000° R compared with the original
loss of 0.082 2% an altitude of 10,000 feet (fig. 18(b)). Configura-
tione 6 and 7 exhibited 0.03 less over—all total-pressure loss than
configuration 8.

The performence of configurations 6, 7, and 8 &t an altitude of
10,000 feet and a flight Mach number of 0.49 in terms of augmented thrust
ratio and specific fuel consumption, as shown in figure 12, was poorer
than that of configursetion 1 because of the higher total-pressure losses.
If the losgs incurred by the vanes had been taken into account in the
unaugmented performance, these thrust ratiocs would be substantially
higher. As s result of using the larger exhasust nozzle, augmented thrust
ratios were as much as 10 percent greater at the expense of specific
fuel consumption. Because elimingtion of both the severe whirl and the
velocity petterns did improve the combustion efficilency, it is evident
that the over-all performance could be lmproved over the performance of
configuration 1 by the development of a antiwhirl vane assembly having
g lower pressure loss.

CONCLUDING REMARKS

The performance of eight afterburner configurstions on a turbojet
engine has been presented for a range of fuel-alr ratios at various
simulated flight conditions. Diffuser-inliet total pressures varied
from 4210 to 760 pounds per squere foot absolute. Surveys at the after-
burner inlet showed that average ges velocitles as high as 480 feet
per second and whirl angles up to 30° existed. The best afterburner
configuretion of five tested in the presence of these Inlet conditilons
had s maximum combustion efficiency of 0.87 at an afterburner-inlet
pressure of 4210 pounds per square foot absolute and decreased to 0.70
at a pressure level of 760 pounds per square foot absolute. Installs-
tion of full-passage antiwhirl vanes at the diffuser inlet reduced the
whirl to less than 10°. The performence of the configurastions having
the reduced whirl showed that an increase in combustion efficiency of
about 0.05 was attained. The increased combustion efficlency, however,
was offset by increased pressure losses caused by the antiwhirl vanes
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with the result that the specific fuel consumption was higher then that
of the configuration tested with the higher whirl.

Lewis Flight Propulsion Lsboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, July 20, 1954
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AFPPENDIX A

SIMBOLS
The following symbols are used in this report:
A area, s8q £t

thrust-scale reading, 1b

Cv velocity coefficient, ratio of scale Jet thrust to exhaust-
nozzle rake thrust

D external drag of installatlon, 1b

F thrust, 1b

ffa fuel-air ratio

g gravitational constent, 32.2 f'b/sec2
i total enthalpy, Btu/lb

M Mach mumber
P

total pressure, 1b/sq £t abs

P static pressure, 1b/sq £t abs

R gas constant, 53.4 £t-1b/(1b)(°R)
T total temperature, °R

v velocity, ft/sec

W flow, 1b/sec

Y ratio of specific heats

1 cambustion efficlency
Subscripts:

a air

b afterburner
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e engine

£ fuel

1 Indicated

J Jet

n net

s scale

st standard or unaugmented

t total

v venturl station in inlet-air duect

b 4 iniet duct at frictionless slip Joint
o] free-streem conditions

1 engine inlet

4 diffuser inlet (turbine outlet)

5 diffuser outlet (afterburner inlet)
6 exhsust-nozzle Iinlet
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APPENDIX B

METHODS OF CAICULATION

Air flow. - Engine-inlet alr flow was obtained by using the pres-
sure measurements at a 26-inch-dlameter venturi in the inlet duect and
the indicated total temperature at the engine inlet:

ety

Y -1 -1
1 11
AL ) I )

= DA
a,v  TVVAflry - 1R, \p, Py,

1 -1

Compressor and turbine leakages and alr extracted for the air-
turbine-driven afterburner fuel pump were approximately 2.4 percent of
the engine air and were subtracted from engine air flow to obtain the
ailr flow entering the afterburner.

Flight Mach number and airspeed. - The equlvalent £light Msch num-
ber and airspeed were calculated from the ram-pressure ratio at the
inlet of the engine with 100-percent recovery assumed:

Tl-l
2 (Pl T
My=p[—=]l=) "1 -
1 - 1{\Pg
Tl-l

Po\ —
Vo = Mo, [¥18RTy 4 (fl') 1

Augmented engine thrust. - The Jet thrust of the engine and after-
burner combination was determined from the thrust-scale reading by the
following equation:

W, .V
a,v'X _
F,j,s =B + D+ —'—-——g + Ax(px po)

The last two terms represent momentum and pressure forces acting at the
slip Joint on the installation.

The net thrust was obtained by subtracting the inlet momentum term
from the Jjet thrust:
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W ¥
F = F - avo
n,s J,s g

Augmented net-thrust ratio. - The unsugmented Jet thrust wes cal-
culated by using the total pressures and tempersbures gt the diffuser
inlet (turbine outlet):

Ty
F.  =c ‘gt ZeiTy {2\ (fre+ D 73
3t~ v L+7y - 4

; g (r4)(r4 + 1) &3.9&4 2

W
£,e
where Wg, L Wa,, L + %(’)3’ and the velocity coefficient Cv of 0.97

and a diffuser total-pressure loss of 0.06 (tobal pressure equal to
0.9@?4__) were assumed.

The unsugmented net thrust was:

W, .V
7 =7 . 2,70
n,st 3,8t g

The asugmented thrust ratio was then the ratio of the scale net
thrust to the unaugmented net thrust.

Exhaust-gas totel tempersture. - The totel temperature of the
exhaust gas wes calculeted froam the exhsust-nozzle total pressure, the
scale Jet thrust, the veloecity coefficient, and the gas flow by mesns
of the following equation:

2
o oo (Ss) g¥e -1 L -
W_.C 2R -
d - \e,6 Te L _ (o) =—
- P—6 Ts

v
experimentally determin:ad from nonafterburning operation and varied
between 0.95 and 0.98 depending on the nozzle size (original or f£inel)
and flight condition.

where Wg’ g = Wa., a ¥ Wf t/SGOO, and the velocity coefficient C_ was
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Combustion efficiency. - The engine combustion efficiency was
calculaeted in a convenbional memmer. This engine combustion efficiency
and the over-sll enthalpy rise across the engine and afterburner combina-
tion were used in the following equation to calculate the afterburner
combustion efficiency:

" = Ho,g = Hp 1 + (£/e)iHr ¢ - ne(£/a)e(18,700)
(Ezhl__sz"?(ls,mo) + (1 - 'qe)(f/a)e(lB,?OO)

Wé’

where 18,700 Btu per pound is the fuel lower heating value.

Afterburner fuel-aslr ratio. - Because the alr used 1n the engine
combustor is unsvailable for combustion in the afterburner, the after-
burner fuel-alr ratio was the ratio of afterburner fuel f£flow to unburned
alr flow as calculated in the following equation:

W
£,b/3600
(£/a)_ = 2
b Wy a m 15WMe o rme00!

2

where the constant 15 is the stoichiometric air-fuel ratlo.

Velocity. - Static and total pressures along with the total tempera-
ture were used in the following equation to calculate diffuser velocity:
Yé—l
2 =
V_ = ﬂl_&r
5 Yy - 1 P5 4
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TABLE I. - AFTERBURNER CONFIGURATTONS.

Config- Diffuser Flame holder Fuel bars® Sketch
uration (8ee rig. 2) (Bee fig. 3) (See fig. 4) of
Inner | Vanes or | Deelg- | Position| Blockege,| Desig- | Position |configurations,
cone |deflectors| nation percent | nation fig.
1 Orlg- None A L 32 a 1l 1
inal
2 Orig- None A 1 32 A 3 1
inal
3 Pilot None A 3 29 B 1 8
step
4 Orig- |Deflectors A 2 32 C 1 8
ingl
5 Long Rone B 4 35 A 2 8
6 Lonug Vanes c 4 37 D 4 16
T Long Vanes D 4 36 A 2 16
' E ¢
8 |orig- Vanes B 1 39 F 1 16
inal

820 in number equally spaced around circumference.
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B .“ » ' + GA-3 back 5391 1 v

Mffuser~inlet flange ' [D:LfMBer—outlet flange g
1013 - 2

=]

“16 > §

1 7
|- ——— 2P, 3

33}% 551 Dism. 27 Dlem,
L ‘

\
I—*—-* Iris-typs nozzle

Location of 20 fuel-spray bars
ation of 20 fuel-spray bars of somfiguration 2 CD-3788

of configuration 1.

Figure 1. - Details of afterturner configurations 1 and 2. (All dimensions in inches.)
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/— Diffuser-inlet flangs

16¢2

32

_—2% r‘_5/._.-/-—'8‘116'9

|
\\ & Rrad. .

3
SZ Rad.—|

- - e

(a) Details of pilot-type step added to original immer cone.
(All dimensions in Inches.)

Diffuser-inlet flange

(b) Details of extended inner cone. (All dimensions in inches. ) CD-3789
Figure 2. - Diffuser modifications.
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Diffuser-inlet flange

Diffuser shell

n

oBL 3 - O

Outline of 2 4’/%
roabeoring. m 7
\ // zs_

6 Bracket plates equally spaced

\'\\.\Q\\\\
Y

and welded to struts ——mm

(¢} Deteils of twin-deflector csscade ingtalled in diffuser. (All dimensions in in.ches.)

Meure 2. - Contimmed. Diffuser modiflcations.

— ml
2D:'r.a.
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e
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(d) Instellation of twin deflectors.

Flgure E. - Contimed.

Diffuser modifications.
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Section

= A=A

s 7

3391

Axial line
Section
— —— —A-A
T—
8 —— - ——_BB
576 Meximm chord, 4%‘—
3
M 5'8_ Maximum arc, 82%0
_———— —C-C
—_——— - —D-D
i — —E-E
Diffuser Inmer well Maximm
chord CD-3788

(e) Details of 48 full-passage antiwhirl vanes.
(A1l dimeneions in inches.)

Flgure 2. - Contimmed. Diffuser modifications.
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talled in diffuser.

(£) View locking upstream of full-passage antiwhirl vanes ins

Diffuser modifications.

Figure 2. - Concluded.
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4??{«

r;I ]7 Slg— Diam.
@ 58° 1%
N 1

1A

1z

(8) Flame holder A.
I
[}

—e
1_/
1z

Blocked ares, 300 square inches.

(b) Flame holder B.

Blocked area, 357.5 square inches.

(c) Flame holder C. Blocked area, 376 square inches.

Flgure 3. - Flame holders end fleme-holder positions.
(A1l dimensions In inches.}

CD-3784

25
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11

(d) Flame holder D. Blocked area, 366.5 square inches.

Turbine-outlet flange

Rear=diffuser
‘flange
2
I-LI I"LI  anm ] 1
11
135 I';-' |
e, I
1 f
R l
|
I I l
1 2 3 4
- Position
e
i ‘i{“ —~—
| T~
]

(e) Flame-holder positions.. CD-3785

Figure 3. - Concluded. Flawme holders and flame-holder positlons. (All dimensions in :anhes.)
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b

flow
Spray-bar Diffuser-outlet flange
cross section l
Diffuser- o
' inlet
flange—// < 7 3
ll— . SN - 'Ta Orifice diam.,
3 4 in.
Position (o] 0.0225
a .0260
Lo .0310

i -

Fuel-bar locations

3 1 3 15 l 15 ’ 3 | rPosttion
(] (@) K] T o> A
5 1
f——27 =%= Tg o
== (9 K] () A
13 [ 1
~<———1ls —]- 72 .
(K e (oM £e) Ke) Y A
g =
8 1 5 Ll oda1d aleal oe? 5_
5 _—E"l L BT 25 ‘E
% - — - — | — %D
H 3 8
[ 35—t~ o5
| e) Mo NN o) [e) o O IT E
et— 1 | 7% 3 —
| --I l]_: f—— 17—
K o3 ) (@) (4] [e) F
| 1 [ |
o} 20 40 80 80 100

Passage height, percent
(a) Redial fuel-spray bars.

Figure 4. - Details of fuel-spray bars.

1

(All dimensions in inches.)
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Orifice diam.,
in.

o 0.0225

Diffuser-inlet flange Diffuser-outlet flange

/l

Inner cone
Outer wall

| } } |
0 20 40 60 ' 80 100
Passage height, percent

(b) Slent fuel-spray bars.

Figure 4. - Concluded. Detalls of fuel-spary bars. (All dimensions
in inches.)
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Station 1 2 3 4 5 5a 6
Engine inlet Compressor outlet Turbine Diffuser Diffuser Exhaust-
l ‘ inlet inlet outlet nozzle
! . ! | | inlet

I-_ L
: |

4

r = -
- - L ; - - - i
Btation Pressure tubed Thermocouples
Total, | Stream stetic 11 static
1 28 8 4 6
2 8 1l 0 8
5 8 Q 0 4
4 21 0 8 18
5 14 0 4 0
5 and Sbg 12 ) 2 0o
6 20 4 2 0
8Used only when flame holder was downstream of station. CD-3030

Figure 5. - Cross section of engine and afterburner showing instrumentation locations,

2Z2DPSH I VOVM

&z



Figure 6. - Englne and afterburner installation in altltude wind tummel.
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Local velocity, ft/sec

1200

1ooo

800

600

400

200

Measuring location, in. Station
downstream of diffuser-
Inlet flange

1% 3 4

(m} a0 5

< 331 Sa
8

A O — //

N
#

o
\

el

e

™,

Tuner cone
N
\
\
!
\
| Outer wall J-"""'/i‘!

20 40 60 80
Passage height, percent

09

(a) Velocity profiles. Altitude, 35,000 feet; flight Mach
number, 1.00.

Figure 7. - Afterburner-inlet flow conditions.
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Local velocity, ft/sec

NACA RM ES54G22

Measuring location, In. Station
dowvnstream of diffuser-
inlet flenge
o] 3 4
a 207 5
< 32— 5a
8
1400
1200 /9
D/ — /
1000
//
800
_—EP—ﬂ 0 Oy
© y o U
600 g i ‘2235
Q
E;I},E;//’
100 3
O b
=
&
200
Q 20 60 80 100

(b) Velocity profiles.
number,

Figure 7. - Continued.

0.15.

Passage helght, percent

Altitude, 45,000 feet; flight Mach

Afterburner-inlet flow conditions.
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60
Gas flow
50
Clockwise y Counterclockwise
.,
\AL’(‘) (g
‘\\\\\\ /////7'
40
‘ (o) Whirl angle (looking upstrean)
30 ¥> o)
¢\ 0
o @) 2/’!5 ~0
o] 3‘\
Iy
® 20 O S g
g B \
—
[¥
-
= \
10 \\
0
Diffuser-inilet conditions
Total pressure, Total temperature,
1b/sq ft abs °R
(o] 3376 1399
-10fo a 1940 1450
E o 1091 1539 =
© A 709 1634 2
2 \ %
g 3
H a8
204 20 40 60 80 100

Passage height, percent
1l
(c) Whirl pattern 57 inches downstream of diffuser inlet.

Pigure 7. - Concluded. Afterburner-inlet flow conditions.
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4———11-78-———|h8i——>1
4
i
Fuel bers
Pilot-type
’/’_flame seat
(a) Configuration 3.
‘__11%———14_5.\
16
Deflectors
(b) Configuration 4.
gt 19—

Figure 8. - Schematlc sketches of configurations 3, 4, end 5.

(c) Configuration 5.

(A1l dimensions in inches.)
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Local velocity at station 20 inches downstream of diffuser inlet, ft/sec

800

o s A

/N
o _/ \ / \\
/

/Without deflectors

y |

A
\0\\/

200

(a) Altitude, 35,000 feet; Fflight Mach number, 1.00.
1000

NINYAANVA\ >~

o T
L]
\ .—"’_
o

/

p— — /
L~ X
600 g I/ \\o/ =g
Q
: / £
ﬁ y e b,
7 L o
= _ Without deflectors 3
-1 1 1 |
400 -
0 20 40 60 80 100

Passage helight, percent
(b) Altitude, 45,000 feet; flight Mach number, 0.15.

Figure 8. - Afterburner-inlet flow conditions with annular
deflectors installed.
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.08
.04
nﬁ‘
g
™
3 0
—
[}
g 12
w
[1}]
1 7]
2y
A
]
il
[s]
B
.08
.04

NACA EM E54G22

Altitude, Flight Mach
il number
'O 10,000 0.49
a 35,000 1.00
¢ 35,000 .14
A 45,000 .15
Over-all loss,
__J<§<>——<7" Py - Bg)/Py
- R Al > -—{QS—FE}”_
-Er' = (®s
Diffuser loss,
- o i (B - B5)/R,
e I L ¢ | | £ g
(2) Configuration 1.
yAY ) !
__Jdﬁh Over-all loss,
_A,A—— (p, - PG)/P‘L
O
_______Z;___-——-<7 LJJ
& —<3 L E—Qr e
glp—CEi—‘*DTS’—th
b OO |
Diffuser loss
o8 ’
(P4 " Ps)/P4
—8T—o '—'"O'Q'dj—q, UQD—D 515
Q
2300 2500 2700 2900 3100 3300

Exhaust-gas tempersture, °r

(v) Configuration 2.

Figure 10. - Total-pressure losses of configurations 1 and 2.
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Combustion efficiency, h,

.9
- e g
o 28—
o O Puel flow limit
.8 c/ o]
7
(a) Diffuser-inlet total pressure, 4210 pounds per square foot ebsclute;
altitude, 10,000 feet; flight Mach number, 0.49.
.9
] Q
(}_"\ o
.8 =] \U‘¢
#
.7
(b) Diffuser-inlet total pressure, 2370 pounds per square foot sbsolute}
altitude, 35,000 feet; £light Mach number, 1.00.
.9
O ——
.8 dﬁ T M
.7
(c) Diffuser-inlet totel pressure, 1250 pounds per square foot sbsolute;
altitude, 35,000 feety; flight Maech number, 0.14.
.8
Configuration
[s) .
& o [m] 2
7 A - Solid symbols
/ & indicate fully
g’o opened nozzle
N
.8 .
.020 .025 .030 .035 .040 045

Afterburner fuel-air ratlo, (f/a.)b

(&) Diffuser-inlet total pressure, 760 pounds per square foot sbsolute;
altitude, 45,000 feet; f£light Mach number, 0.15.

Figure 11. - Combustion efficiencles of configurations 1 and 2.
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Augmented net-thrust ratio, Fn,s/F st

NACA RM E54G22

1.6
1.4 /ww:/ P
’JjJ” Fuel flow limit
(13
l.2
(e} Altitude, 10,000 'feet; f£1ight Mach number, 0.49.
1.8
7 ,;3””"’
J
1.6 ,/OA/D'
T
\/A—(/E
e
% Configuretion
1.4 ~ (o] 1
g o 2
So0lid symbols
Indicate fully
opened nozzle
1.2
(b) Altitude, 35,000 feet; flight Mach number, 1.00.
1.4 ' - 1
1.2 87
(c) Altitude, 35,000 feet; flight Mach number, 0.l4.
1.4 !
1.p e g 4
“Lo20 .025 .030 035 040 . .045

Afterburner fuel-air ratio, (f/a)b

(4) Altitude, 45,000 feet; flight Mach number, 0.15.

Figure 12. - Augmented thrust ratios of configurations 1 and 2.
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n,s

Specific fuel consumption, \-Lr/F

2.1
I
1.9 i
OEF/ Fuel flow limit
]
AT
o
1.7
(a) Altitude, 10,000 feet; fiight Mach number, 0.49.
2.1
1.9 D/—I
_‘47’43’
1.7
(b) Altitude, 35,000 feet; flight Mach number, 1.00.
2.0
/c?
6/
1.8 /
1.6 —H
(e) Altitude, 35,000 feet; flight Mach number, 0.14.
2.1
Configuration
(o} 1
a 2
Sclid symbols
1.9 :r/,r il indicate fully
;}/) opened nozzle
o
1.7
.020 .025 .030 035 040 .045

Afterburner fuel-air ratio, (f/a )-b

(d) Altitude, 45,000 feet; flight Mech number, 0.15.

Figure 13. - Specific fuel consumfPtion of configurations 1 and 2.
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.12
Over-all loas,
(p, - Ps)/P‘i/’er
¥ — =]
a
= -0
2 et |
- .08 = S
2 [ =
S
o
q
0
&
a .04 3
L L g BEJ
3 @ —— sO—I 11T —1—5 Diffuser loss,
5 —=+= (p, -[ PS)/P4=
. | |
2400 2600 2800 3000 3200 3400 3600
Exheust-ges temperature, °R
(e) Totel-pressure loss.
.9
Configuration
" -_——— 1
g 8 {/,f Solid symbols indicate |
[1] ym
o 0
fully opened nozzle
ﬁ / o >’\\ ullLy opene
G = VO
g //v F\\\\\
3 ? N < \
L <7
2
[E]
5]
o o
.6
.02 .03 .04 .05 .06 07 .08

Afterburner fuel-air ratio, (f/a)y

{b) Combustion efficlency.

Figure 14. - Afterburner performance of configurations 3, 4, and 5.
Altltude, 35,000 feet; flight Mach number, 1.00.
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Augmented net-thrust ratio, Fn,B/Fn,Bt

Specific fuel consumption, wf,t/Fn,s

T 41
1.9 -
/
kel
N
1.7 -
~ ,/f’/Jr
A< 0
/
1.5 //,
/I
/7
1.3
(c) Augmented thrust ratio.
2.7 ,/).—
o
2.5 f/
/o
2.3 /
Y
Configurastion
2.1 - 1
o 3
/] a 4
d o 5
/,/ Solid symbols
1.9 indicate fully
Ef;f:;// opened nozzle
«F
:;;/
1.7
.02 .03 .04 .05 .06 .07 .08

Afterburner fuel-air ratio, (f/a)y,

(d) Specific fuel consumption.

Figure 14. - Concluded. Afterburner performsnce of configurations 3,
4, and 5. Altitude, 35,000 feet; flight Mach number, 1.00.
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Local velocity, ft/sec

S NACA RM ES54G22

800
— o
”_,—"”——‘//13// ~\\\\ g
600 o — NS
-/ \.
. 7 | \1\ \
400 T/ {ithout vanes \\\
l//
200

(a) Velocity profile 20 inches downstream of diffuser inlet. .

500 Altitude, 35,000 feet; flight Mach number, 1.00.

/K
‘,/"y 4
400 -
pad

/o o~ -
o PR
200 "i?z’Without vanes
1
7
0 20 40 60 80 100

Passage height, percent

(b) Velocity profile 32% inches downstream of diffuser
inlet. Altitude, 35,000 feet; flight Mach number, 1.00.

Figure 15. - Afterburner-inlet flow conditions with full- .
passage antiwhlirl vanes.
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Diffuser-inliet condltions
Total pressure, Total temperature,
1b/sq £t abs OR
(o] 1785 1390
O 1040 1460
Gas flow
40 : L
Clockwise Counterclockwlse
i
! L -) (Hw
r
{ /
30 \ T +
\ Whirl engle (looking upstream)
\ ——L
N P ~ \\
N
N e ~
20 L _~Original N\,
| \
2 \
p \
) \
w 10 0l = B
g O o _+—73] <\
7 [ T~a—3— A\
* \ﬁr\\\L
0 \ ‘t\
2 \ o
..lo (3] \‘ E
2 \ £
= \8
-20
0 20 40 60 80 100

Passage height, percent

(¢) Whirl profile 5% inches downstream of diffuser inlet.

Figure 15. - Concluded. Afterburner-inlet flow conditions
with full-passasge antiwhirl vanes.
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A
L[]
]

16¢¢

(a) Configuration 6.

19

-—3% —'tsg—l »

< '
<Z
<
<
(b) Configuration T.
7
]J.'é' rl%
CD-3782
(c) Configuration 8. -

Figure 16. - Schematic sketches of configurations 6, T, and 8. (All dimensions in inches.)
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Combustion efficiency, RN

45

Configuration
-_— 1
———— 2

o 6
a 7
< 8

Solid symbols indicate

fully opened nozzle

.9

.8

.9

.8

.6

v <

/ ‘\\tg\\\

N

AN

(&) Diffuser-inlet total pressure, 4210 pounds per square fooit absolute;
altitude, 10,000 feet; flight Mach number, 0.49.

B E— 4
" \O
)/ )

4

o

(b) Diffuser-inlet total pressure, 2370 pounds per square foot sbsolute;
altitude, 355,000 feet; flight Mach number, 1.00.

\

L ‘%1\\L4

- \\

N

e
-

\ o

e

.02 .03 .04 .05

Afterburner fuel-air ratio, (£/a)y

.06

(c) Diffuser-inlet total Pressure, 760 pounds per square foot absolute;
altitude, 45,000 feet; flight Mach number, 0.15.

Figure 17. - Combustion efficiencies of configurations 6, 7, and 8.
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Total-pressure losses, AP/P4

L NACA RM E54G22

Altitude, Flight Mach
ft number
o 10,000 0.49
m | 35,000 1.00
< 45,000 .15
.12
Configurations
| 6, 7, and 8
o . ©s8 2
.08 — E% cij g o oD
(o] o (o] o (o) o
04 Configuration 1 | o
AVl
\')
o
(a) Diffuser total-pressure loss.
.20
O‘P_v—o
A — Configuration 8
O

nfigurations

i

!

5

q
b
o
3 l
A
ii g

f; " o 0
Iy 0
.12 ﬁ. Q
—T\_
/— Configuration 1 C?ﬂ

N

.08 — S

[ B———
.04
2400 2600 2800 3000 3200 3400

Exhaust-gas temperature, °R
(b) Over-all total-pressure loss.

Figure 18. ~ Total-pressure losses of configurations 6, 7, and 8.
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S 1.6

r) ._-———‘.
FL

] [ =

= /‘ L

53 e
LB 1. . \ &

riol /

2

5 &)

|- B

y

!

/<//Q{ Configuretion
' —_— 1
2.1 o 8
/& S 7
8

Specific fuel consumption, Wf,t/Fn,s

] <
So0lid symbols indicate
C?///’ /,// fully opened exhaust
1.9 - nozzle
o/ 7
e
pa
X
7
1.7
.02 .03 04 .05 .06 .07

Afterburner fuel-air ratio, (:f‘/a.).b

Figure 19. - Afterburner performance of configurations 6, 7, and 8.
Altitude, 10,000 feet; flight Mach number, 0.49.
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